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Summary 
Inward rectifier potassium channels are found in the 
heart and CNS, where they are critical for the modula- 
tion and maintenance of cellular excitability. We pre- 
sent evidence that the inward rectifier potassium chan- 
nel HIR is modulated by extracellular pH in the physio- 
logical range. We show that proton-induced changes 
in HIR single-channel conductance underlie the HIR 
pH sensitivity seen on the macroscopic level. We used 
chimeric and mutant channels to localize the molecu- 
lar determinant of HIR pH sensitivity to a single resi- 
due, Hl17, in the Ml-to-H5 linker region. This residue 
provides a molecular context that allows a titratable 
group to influence pore properties. We present evi- 
dence that this titratable group is one of two cysteines 
located in the Ml-to-H5 and H5-to-M2 linkers. 
Introduction 
Inwardly rectifying potassium channels are characterized 
by an asymmetry of potassium conductance: they conduct 
large inward currents at membrane potentials negative to 
the potassium equilibrium potential (EK) and small outward 
currents at more positive potentials. Inward rectifiers are 
the predominant class of potassium channels in the heart, 
where they are involved in the onset and termination of 
the long-duration action potentials, in the regulation of 
heart-beat frequency, and in the determination of the rest- 
ing potential (Noma, 1987; Shimoni et al., 1992; Vanden- 
berg, 1993). In the central nervous system, inwardly recti- 
fying potassium channels are present in neuronal and 
nonneuronal cells, and are thought o participate in excit- 
ability and information processing (Barres et al., 1990; 
Brown et al., 1990; Yamaguchi et al., 1990; Wimpey and 
Chavkin, 1991). 
The molecular cloning of several inward rectifier potas- 
sium channels has been reported recently. These chan- 
nels include the strongly-rectifying channels iRK1 (Kubo 
et al., 1993a), IRK2 (Koyama et al., 1994), and HIR/IRK3 
(Makhina et al., 1994; Morishige et al., 1994; Perier et al., 
1994b). Based on hydrophobicity analyses of their primary 
structures, members of this family of channels are pro- 
posed to contain two transmembrane domains bracketing 
a pore-forming region with 40%-50% amino acid similarity 
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with the H5 region of voltage-gated potassium channels 
(Ho et al., 1993; Kubo et al., 1993a). 
Little is known about the ion conduction pathway of in- 
ward rectifiers. Regions contributing to the conduction 
pathway of voltage-activated potassium channels have 
been identified by constructing chimeric and mutant chan- 
nels and measuring pore properties, including permeation 
and block by external and internal ions (MacKinnon and 
Yellen, 1990; Hartmann et al., 1991; Yellen et al., 1991). 
To define the pore structure of inward rectifiers, we under- 
took a similar approach, basing our investigation on differ- 
ences in pore properties between the two strongly rectify- 
ing channels HIR and IRK1. These channels share 67% 
amino acid identity and demonstrate markedly different 
single-channel conductances. Under similar recording 
conditions, single-channel conductances of HIR and IRK1 
are 13 pS and 23 pS, respectively (Kubo et al., 1993a; 
Perier et al., 1994b). The high amino acid sequence iden- 
tity (95%) between the H5 putative pore region of HIR 
and IRK1 led us to test whether the inward rectifier pore 
encompasses regions outside of the H5 domain and whether 
external factors influence single-channel properties. 
We examined the effect of external protons as possible 
mediators of conductance properties of HIR and IRK1. 
External or internal protons decrease single-channel cur- 
rent of several channels, including the L-type calcium 
channel (Kaibara and Kameyama, 1988), the cardiac so- 
dium channel (Zhang and Siegelbaum, 1991), and the cy- 
clic nucleotide-gated olfactory channel (Root and MacKin- 
non, 1994). Because inward rectifier channels are abundant 
in heart and brain (Kubo et al., 1993a; Perier et al., 1994b), 
pH sensitivity of these channels would have important im- 
plications for channel function in vivo during normal neu- 
ronal function and during pathophysiological conditions 
such as ischemia. 
In this report, we show that HIR currents are extremely 
sensitive to extracellular pH in the physiological range. 
We demonstrate that the pH sensitivity of HIR is due to 
a proton-induced ecrease in its single-channel conduc- 
tance. IRK1, in contrast, is insensitive to changes in pH 
in the range from 5.6 to 9.5. We used HIR/IRK1 chimeric 
and mutant channels to determine the molecular basis of 
HIR pH sensitivity. We show that a single residue, Hl17, 
located in the M 1-to-H5 linker, influences a titratable group 
that modulates HIR conductance. We present evidence 
suggesting that this titratable group is one of two con- 
served cysteine residues located in the Ml-to-H5 and H5- 
to-M2 linkers. 
Results 
HIR Current Is Modulated by External pH 
in the Physiological Range 
In the course of our investigation into factors influencing 
HIR and IRK1 conductance, we tested the effect of 
changes in external pH on HIR and IRK1 currents. These 
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channels were expressed in Xenopus oocytes, and cur- 
rents were recorded for a range of external solution pHs 
from 5.6 to 9.5. Figure 1 shows HIR and IRK1 currents 
recorded from whole oocytes in response to a series of 
voltage pulses from -140 to +40 mV with bath solutions 
containing 96 mM K +. External protons reversibly inhibited 
HIR currents: inward current amplitudes decreased at 
acidic external pHs and increased at alkaline pHs. Typical 
current responses from an HIR-injected oocyte with extra- 
cellular pHs of 6.6, 7.5, and 8.5 are illustrated in Figure 1A. 
Currents recorded from I RKl-injected oocytes, in contrast, 
showed little pH dependence as demonstrated in the rep- 
resentative current traces in Figure lB. 
Modulation of HIR current amplitude by protons was 
not influenced by membrane voltage. The amplitude of 
currents at all voltages was decreased by the same magni- 
tude for a given pH (Figure 1A). Analysis of the ratios of 
peak currents at pH 7.5 and 8.5 (ball85) as a function of 
voltage from -180 to -60 mV showed an e-fold change 
in 1340 mV, indicating a proton binding site at a fractional 
distance <0.02 across the membrane field from the exter- 
nal side (Woodhull, 1973). In addition, protons did not af- 
fect the time course of HIR currents following a voltage 
jump, consistent with their lack of voltage dependence. 
The absence of voltage dependence suggests that pro- 
tons bind to a site on HIR outside the membrane field on 
the external side of the channel. 
The pH dependences of HIR and IRK1 currents are sum- 
marized in Figures 2A and 2B, respectively. The peak cur- 
rent at -120 mV at each external pH was normalized to 
the current recorded from the same oocyte at pH 7.5. The 
steepness of the titration curve was used to provide an 
estimate of the number of protons required to inhibit the 
channel. Figure 2A shows a fit to the data with a single-site 
titration curve (solid curve) and, for comparison, the in- 
crease in steepness for N = 2 sites and N = 4 sites. 
The HIR data were fit best with a Hill coefficient of 1.15, 
suggesting that the binding of a single proton is sufficient 
to inhibit HIR current. Significant changes in HIR current 
amplitudes accompanied external pH changes in the 
physiological range. The HIR current amplitude increased 
more than 3-fold between pH 6.6 and 8.0. The pK of the 
HIR titration curve was 7.4, in the middle of the physiologi- 
cal range. IRK1 current amplitudes, in contrast, displayed 
little change with pH, and these data were best fit by a 
linear least square equation (Figure 2B). 
External H + Modulates HIR Current by Decreasing 
HIR Single-Channel Conductance 
The inhibition of HIR whole-cell current by protons could 
result from either a decrease in the number of open chan- 
nels, a decrease in channel open probability, or a decrease 
in the single-channel conductance. The single-channel be- 
havior underlying the observed pH sensitivity of HIR 
whole-cell current was investigated by recording HIR sin- 
gle-channel currents from cell-attached patches with pi- 
pette solutions containing 153 mM K ÷ buffered at different 
pHs. Single-channel current amplitude increased sharply 
as the external pH increased. Representative HIR single- 
channel currents recorded at a holding potential of -100  
mV with external solutions of pH 6.6, 7.5, and 8.5 are 
illustrated in Figure 3A. Figure 3B summarizes the average 
single-channel current versus voltage relations for HIR at 
pH 8.5, 7.5, and 6.6. An increase in single-channel conduc- 
tance was associated with an increase in external pH. To 
determine whether the pH-dependent change in single- 
channel conductance was sufficient to account for the 
change in HIR whole-cell current, the average single- 
channel conductances of HIR at pH 6.6 (4.7 _+ 0.8 pS; 
n = 3) ,pH7.0(12 .8  4- 1 .6pS;n  = 6) ,pH8.0(16.8  4- 
2.1 pS; n = 5), and pH 8.5 (18.8 _+ 1.7 pS; n = 5) were 
normalized to the single-channel conductance at pH 7.5 
(11.9 4- 1.9 pS; n = 6) and plotted versus pH. Figure 
3C shows the normalized single-channel conductances 
plotted with the macroscopic current data. These results 
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Figure 1. Macroscopic Currents Expressed 
from HIR-Injected, but not IRKl-lnjected, Xe- 
nopus Oocytes are Modulated by External Pro- 
tons 
Macroscopic urrents expressed from (A) an 
HIR-injected oocyte and (B) an IRKl-injected 
oocyte with 96 mM K ~ external solutions at pH 
6.6, 7.5, and 8.5. Currents were recorded from 
oocytes voltage-clamped to a holding potential 
of -20 mV with 200 ms voltage pulses to test 
potentials of -140 to +40 mV in 20 mV incre- 
ments. No leak correction was employed in 
these measurements. 
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Figure 2. HIR, but not IRK1, Is Modulated by 
pH Changes in the Physiological Range 
Proton titration curves for macroscopic cur- 
rents expressed from Xenopus oocytes in- 
jected with (A) HIR cRNA (n = 11), and (B) 
IRK1 cRNA (n = 5). For each pH, the macro- 
scopic peak current elicited by a test pulse to 
120 mV from a holding potential of -20 mV 
was normalized to the corresponding current 
recorded at pH 7.5. HIR data were fit with a 
single-site binding model with a Hill coefficient 
N = 1 (solid line). For comparison, fits are 
shown for N = 2 (dashed line) and N = 4 (dot- 
ted line). A linear least square equation was 
used for IRK1 data. Error bars are SEM. 
demonstrate that a proton-induced change in the apparent 
single-channel conductance of HIR can account for the 
pH sensitivity of HIR currents seen on the macroscopic 
level. 
HIR/IRK1 Chimeric Channels Localize HIR pH 
Sensitivity to the Ml-to-H5 Linker 
The region of the HIR channel responsible for its modula- 
tion by external protons was localized using a series of 
chimeric constructs engineered from HIR and the pH-in- 
sensitive IRK1 channel. The primary structures of these 
HIR/IRK1 chimeras are illustrated in Figure 4J. HIR proton 
sensitivity was first localized to the amino portion of the 
HIR polypeptide. Substituting amino acids 1-131 of the 
IRK1 channel (amino terminus, M1 domain, and Ml-to-H5 
linker domain) for the corresponding region of HIR pro- 
duced a chimeric channel (Chimera 4) with a pH-insensi- 
tire conductance indistinguishable from that of IRK1 (Fig- 
ure 4A). The chimeric reciprocal of Chimera 4 did not 
express detectable currents in Xenopus oocytes. The pH- 
sensing domain of HIR was further localized using a chi- 
meric channel that contained only the M1 and Ml-to-H5 
linker domains of IRK1 substituted for the corresponding 
region of HIR (Chimera 13). Currents expressed by this 
channel also were insensitive to changes in external pH 
(Figure 4B), indicating that the pH-sensing domain was 
contained within the region encompassing the M1 domain 
and the Ml-to-H5 linker. 
The contribution of the M1 domain to HIR proton modu- 
lation was tested using a chimeric channel in which the 
amino terminus and M1 domain of IRK1 replaced the cor- 
responding domains of HIR (Chimera 2). Although the pH 
sensitivity of this chimera was somewhat reduced in com- 
parison to HIR, it exhibited a pronounced titration of cur- 
rent amplitudes (Figure 4C), demonstrating that while the 
M1 domain contributed to HIR pH sensitivity, M1 was not 
the critical determinant. These results, in conjunction with 
the pH insensitivity of Chimera 13, suggested that the M1- 
to-H5 linker plays a major role in determining HIR pH sensi- 
tivity. 
The role of the Ml-to-H5 linker in proton modulation 
of HIR current was directly investigated by constructing 
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Figure 3. A Proton-Induced Decrease in HIR 
Single-Channel Conductance Can Account for 
the pH Sensitivity of HIR Macroscopic Currents 
Cell-attached single-channel recordings of H IR 
currents at different external pHs. 
(A) Representative continuous single-channel 
recordings from patches at a holding potential 
of -100 mV with a pipette solution containing 
153 mM K + and a pH of 6.6, 7.5, or 8.5. 
(13) Single-channel current versus voltage rela- 
tion for single HIR channels at pH 6.6 (n = 3; 
triangles), 7.5 (n = 6; circles), or 8.5 (n = 5; 
squares). Error bars represent the SEM. 
(C) Normalized HIR average single-channel 
conductance data (closed circles) plotted with 
the proton titration curve for HIR macroscop- 
ic currents (from Figure 2; open circles and 
solid line). Average HIR single-channel con- 
ductances at pH 6.6, pH 7.0, pH 8.0, and pH 8.5 
were normalized to the average single-channel 
conductance at pH 7.5. Error bars represent 
the SEM 
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Figure 4. Modulation of HIR Currents by Protons Localized to a Single Amino Acid in the Ml-to-H5 Linker 
Proton titration curves for macroscopic currents expressed in Xenopus oocytes injected with (A) Chimera 4 (n = 8), (B) Chimera 13 (n = 10), (C) 
Ch imera2(n  = 10), (D) Chimera 6(n  = 6), (E) Chimera 5(n  = 9), (F) Chimera 9 (n = 13),(G) HIR MHGL-SEST(n  = 13),(H) HIR MGL-SST 
(n = 7), and (I) HIR H117Q (n = 15). Data were analyzed as described in Figure 2. Error bars are SEM. (J) Sequences of HIR, IRK1, and chimeric 
channels in the region of the splice sites for channel chimeras, illustrating regions derived from HIR (black bars) and IRK1 (gray bars). 
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chimeric channels with this domain exchanged between 
HIR and IRK1. Chimera 6 contained the Ml-to-H5 linker 
from HIR substituted for the corresponding region of IRK1. 
This channel displayed dramatic pH sensitivity like that of 
HIR, indicating that the Ml-to-H5 linker alone is sufficient 
to confer pH sensitivity to IRK1 (Figure 4D). The reciprocal 
chimera (Chimera 5) provided further evidence for the role 
of the Ml-to-H5 linker in conferring pH sensitivity. Cur- 
rents recorded from this chimeric channel showed a pro- 
nounced loss of pH sensitivity in comparison with HIR, 
with the normalized currents best fit by a linear equation 
(Figure 4E). 
Histidine 117 in the Ml-to-H5 Linker Confers pH 
Sensitivity to HIR by Influencing a Titratable Group 
We next focused on subdividing the HIR Ml-to-H5 linker 
region in order to define the smallest region necessary to 
confer pH sensitivity. The Ml-to-H5 linker region of HIR 
differs from that of IRK1 by containing a stretch of twenty- 
one small neutral amino acids that we have termed the 
VGAP (VaI-Gly-Ala-Pro) region (Perier et al., 1994b). Chi- 
meric channels were constructed to test the relative contri- 
butions to HIR pH sensitivity of this 21 amino acid VGAP 
stretch and the adjacent region of the linker proximal to 
H5. When the 21 amino acid VGAP region of HIR (amino 
acids 91-114) was replaced with the corresponding region 
from IRK1 (amino acids 117-122), the resulting channel, 
Chimera 9, showed strong pH sensitivity (Figure 4F). How- 
ever, when the remainder of the Ml-to-H5 linker of HIR 
(amino acids 115-123) was replaced with the correspond- 
ing region of IRK1 (amino acids 123-131), Chimera 10, a 
marked decrease in pH sensitivity was observed, with a 
linear current versus pH relationship indistinguishable 
from that of Chimera 5 (Figure 5A). 
Chimera 10 localized the major determinant of HIR pH 
sensitivity to a region of nine amino acids, three of which 
were conserved between HIR and IRK1. Histidine 117 was 
the only titratable group located in this region of HIR. To 
test the model that HIR pH sensitivity resulted from titration 
of this histidine, H117 was replaced by glutamine, aspara- 
gine, lysine, aspartate, and glutamate (the corresponding 
residue from IRK1) residues by site-directed mutagenesis. 
The substitution mutants H IR H 117Q, H 117N, and H 117K 
all displayed pronounced pH sensitivity, as seen in the 
proton titration curve of HIR H117Q (Figure 41). The HIR 
H117E and H117D mutants did not express detectable 
currents in Xenopus oocytes. Because substitution of 
H 117 with nontitratable residues did not eliminate H ÷ mod- 
ulation of current, we propose that the H5-proximal region 
of the M 1-to-H5 linker does not provide the titratable group 
modulating HIR current, but instead produces a specific 
molecular conformation that permits this group to be ti- 
trated. 
To identify the residues in the H5-proximal region of the 
Ml-to-H5 linker of HIR required to form the correct context 
for titration of the current, single HIR amino acids in this 
region were replaced with the corresponding residues 
from IRK1. Figure 5 summarizes the data obtained with 
these single-site mutations and the HIR/IRK1 chimeras by 
displaying the slope of the current versus pH relationship 
as a relative index of pH sensitivity. The single substitution 
mutations I115V, M116S, G120S, L122T, and G123A re- 
sulted in only a slight reduction of pH sensitivity (Figure 
5A). Although the mutant HIR H117E did not express de- 
tectable currents, we found that a functional mutant could 
be constructed if the M 116S, G 120S, and L122T mutations 
were included in the same channel. The resulting mutant, 
termed HIR M HGL-SEST, showed a strong reduction in pH 
sensitivity in comparison with the wild-type HIR channel 
(Figure 4G), with a current versus pH relationship indistin- 
guishable from that of Chimera 5 and Chimera 10. In 
contrast, a mutant channel containing only the Ml16S, 
G120S, and L122T mutations (HIR MGL-SST) displayed 
wild-type HIR properties (Figure 4H), suggesting that the 
amino acid at position 117 is the critical one for determin- 
ing pH sensitivity. To further test the role of this residue, 
the corresponding residue in IRK1, E125, was mutated 
to either histidine or glutamine. The IRK1 E125H mutant 
channel did not express detectable currents in Xenopus 
oocytes, but the IRK1 E125Q mutant channel expressed 
inwardly rectifying potassium currents that were inhibited 
by external protons (data not shown). The currents ex- 
pressed from this mutant were unique in that they did not 
easily recover from proton inhibition, making it difficult o 
quantitate the degree of pH sensitivity. The pH sensitivity 
of this mutant provides further evidence that the residue 
in this position plays a critical role in determining proton 
sensitivity. Histidine 117 might confer pH sensitivity to HIR 
by shifting the pKa of a titratable group into the physiologi- 
cal range. Alternatively, the H5-proximal region of the M1- 
to-H5 linker of HIR may assume a conformation that causes 
a titratable group to be exposed to the external solution 
and/or positioned near the ion permeation pathway. We 
favor this second model because substitution of H117 with 
glutamine, asparagine, or lysine residues did not result in 
a significant shift in pKa. 
Single-Channel Properties of HIR/IRK1 Chimeras 
To investigate in more detail the single-channel changes 
underlying HIR pH sensitivity, we examined the single- 
channel properties of chimeric channels. Of particular in- 
terest were Chimera 4, the pH-insensitive chimera derived 
predominantly from the pH-sensitive HIR channel, and 
Chimera 6, the pH-sensitive chimera derived principally 
from the pH-insensitive IRK1 channel. The single-channel 
slope conductance for Chimera 4 at pH 7.2 (30.7 _+ 0.6 
pS; n = 5) was much larger than the HIR single-channel 
conductance under the same conditions (10.8 _+ 1.4 pS; 
n = 3), providing further evidence that the small single- 
channel conductance of HIR at neutral pH results from 
inhibition by external protons. The Chimera 6 single- 
channel slope conductance at pH 7.2 (16.9 _ 3.5 pS; 
n = 5) was markedly smaller than the IRK1 single-channel 
conductance at the same pH (27.8 _+ 0.8 pS; n = 3). 
Chimera 6 currents demonstrated that introducing pH sen- 
sitivity to the IRK1 channel resulted in a sharp decrease 
in its single-channel conductance at neutral pH. The sin- 
gle-channel properties of these chimeric channels further 
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Figure 5. Analysis of pH Sensitivity of Chimeras and Mutant Channels 
(A) Histogram of the slopes of the pH-titration curves for HIR, iRK1, HIR/IRK1 chimeras and point mutants described in this study. Maximum 
slopes were determined from the fitted single-site titration curves at the pK,; or, for IRK1, Chimeras 4, 5, 10, 13, and the HIR MHGL-SEST mutant, 
slopes were determined from a linear fit to data. 
(B) Amino acid sequence of the region of HIR including the first putative transmembrane domain (M1), the H5 domain, and the second putative 
transmembranedomain(M2) Point mutations analyzed in this study are indicated by arrows. 
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confirm that the difference in single-channel conductance 
between HIR and IRK1 at neutral pH results from differ- 
ences in their pH sensitivity. 
Site of Action of H ÷ 
We postulated that the proton binding site, the effector of 
the pH sensitivity of HIR, would be an amino acid residue 
side chain in contact with the extracellular environment. 
This side chain presumably would reside within a molecu- 
lar framework influenced at least in part by H117, and its 
protonation state would influence the permeability of the 
channel: protonation of the residue would decrease HIR 
current levels, and deprotonation would restore them. 
To identify this proton binding site, candidate titratable 
groups within the M 1-to-M2 region believed to be in contact 
with the extracellular environment (Kubo et al., 1993a; Per- 
ier et al., 1994b) were neutralized by site-directed muta- 
genesis (Figure 5B). 
Point mutations were introduced in the HIR cDNA se- 
quence, and the mutant HIR channels were tested in Xeno- 
pus oocytes for pH sensitivity as described above. Of the 
13 candidate titratable groups, mutations at 9 sites re- 
sulted in channels that displayed detectable currents. 
None of the mutant channels with neutral residues substi- 
tuted for titratable groups showed a significant loss of pH 
sensitivity (Figure 5A). The results of this mutagenic ap- 
proach led us to exclude the following as the possible 
proton binding site: cysteine 79, the only titratable group 
located within the M1 region of HIR; histidine 84 and gluta- 
mate 88, located between M1 and the VGAP regions; ly- 
sine 112 and histidine 117, found between the VGAP 
stretch and the H5 domain; cysteine 141 and glutamate 
145, proximal to H5 in the H5-to-M2 region; and cysteine 
161 and aspartate 164, located within the M2 domain (Fig- 
ure 5B). Elimination of these candidate sites suggests that 
the proton binding site is one of the residues that did not 
express currents when mutated. Channels with substitu- 
tions of aspartate 86, cysteine 114, glutamate 144, and 
cysteine 146 did not express detectable currents in Xeno- 
pus oocytes, indicating that these residues are essential 
for channel function or assembly. All of these residues are 
conserved in HIR and IRK1, suggesting that the specific 
molecular context of HIR may allow one of these residues 
to influence the ion conduction pathway. In our model, the 
same residue in an IRK1 context would not interfere with 
permeability of the channel. 
External Zn 2+ Modulates HIR, but Not IRK1 Currents 
To further define the nature of the proton binding site of 
HIR, the effects of Zn 2÷ were investigated. The Zn 2+ coordi- 
nating sites found in zinc-dependent enzymes have been 
shown to be composed of a combination of 2-4 cysteines 
and/or histidines, with glutamate or aspartate residues 
sometimes contributing to the coordination site (Vallee 
and Auld, 1990; Coleman, 1992). We found that HIR cur- 
rents were sensitive to external Zn 2÷ ions, whereas IRK1 
currents were insensitive to the concentrations of Zn 2+ that 
we tested (Figure 6A). The block of HIR currents by Zn 2+ 
was voltage independent, indicating that the Zn 2÷ binding 
site is located outside of the membrane electric field (Fig- 
ure 6B). The voltage independence of the Zn 2+ block corre- 
lates with the voltage independence of the proton block 
of HIR, indicating that these sites may be identical. To 
further investigate the similarity between the proton and 
Zn 2÷ sites, the pH dependence of Zn 2+ block was studied. 
The Zn 2÷ block of HIR currents was pH dependent, with 
a marked increase in blocking rate at alkaline pHs (Figure 
6C). These data were fit best by a binding model with a 
Hill coefficient of 2.7, indicating that more than one residue 
per channel may contribute to Zn 2÷ binding. The apparent 
pK for the block of HIR currents by Zn 2+ is 7.7, close to 
the pKa of 7.4 observed for proton block. The chimeric and 
mutant channels used to localize the pH-sensing domain 
of HIR provided further evidence that the Zn 2+ and proton 
binding sites were identical. Zn 2÷ sensitivity segregated 
with pH sensitivity in these chimeric and mutant channels: 
Chimeras 2 and 9 displayed strong Zn 2÷ sensitivity, Chime- 
ras 4 and 13 were not Zn 2+ sensitive, and all HIR single 
point mutants described in this study were sensitive to 
external Zn 2+ ions (data not shown). These results indicate 
that the Zn 2÷ binding site is among the four residues pre- 
viously identified as candidates for the proton binding site. 
HIR Currents Display pH-sensitive Block 
by Sulfhydryl Reagents 
The relative zinc sensitivities of HIR, IRK1, and mutant 
channels confirmed that aspartate 86, cysteine 114, gluta- 
mate 144, and cysteine 146 were candidates for the proton 
binding site, and indicated that the cysteines may repre- 
sent the more likely candidates on the basis of known Zn 2+ 
binding sites in other proteins. To investigate the possibil- 
ity that one of these cysteine residues was the proton bind- 
ing site, currents from HIR and IRK1 were assayed for their 
sensitivity to the membrane-impermeant sulfhydryl modi- 
fying reagents p-chloromercuriphenylsulfonate (pCMPS), 
methanethiosulfonate ethylamine hydrobromide (MTSEA), 
and methanethiosulfonate ethyltrimethylammonium bro- 
mide (MTSET). These reagents specifically modify free 
sulfhydryl groups of cysteines by covalent addition of a 
-Hg(CsH,)SO3 group (pCMPS), or by formation of a mixed 
disulfide linkage by addition of a -SCH2CH2NH3 ÷ group 
(MTSEA) or a-SCH2CH2N(CH3)3 + group (MTSET) (Creigh- 
ton, 1993; Stauffer and Karlin, 1994). Sulfhydryl modifica- 
tion has been used to define regions of a channel pore 
accessible to external reagents, and block of the currents 
by these reagents has been interpreted as occlusion of 
the conduction pore of the channel (Akabas et al., 1994; 
KLirz et al., 1995). We postulated that, if a cysteine were the 
proton binding site, HIR currents, but not IRK1 currents, 
would be rapidly blocked by sulfhydryl reagents. We found 
that the HIR and IRK1 channels displayed differential sen- 
sitivity to pCMPS, MTSEA, and MTSET. HIR currents rap- 
idly decayed in the presence of 50 I~M external pCMPS, 
and this decay could be fit with a single exponential func- 
tion (pCMPS on-rate = 0.0226 __. 0.0071 s-l; n = 10). 
IRK1 currents (pCMPS on-rate = 0.0018 _+ 0.0006 s-l; 
n = 3) were markedly less sensitive to this reagent (Figure 
7A). Differential sensitivity to pCMPS was observed also 
with the HIR/IRK1 chimeras. The pH-sensitive Chimera 2 
(pCMPS on-rate = 0.0157 _ 0.0035 s 1; n = 4) displayed 
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Figure 6. Zn 2÷ Sensitivity of HIR 
External Zn 2÷ block of HIR and IRK1 currents. 
(A) Time course of the Zn 2÷ block of HIR (closed 
circles) and IRK1 (open circles) currents. Volt- 
age-clamp recordings were performed from a 
holding potential of -20 mV, and currents were 
elicited in response to 200 ms test pulses to 
-180 mV every 3 or 10 s. Normalized leak- 
corrected peak currents are shown after solu- 
tion exchange to a standard pH 7.5 bath solu- 
tion containing 300 ~M ZnCb. The HIR data 
were fit with a single exponential equation. 
(B) Voltage independence of the Zn 2. block of 
HIR. Apparent K~s were obtained from expo- 
nential fits of time courses of 300 ~M external 
Zn 2÷ block of leak-corrected peak currents re- 
corded from oocytes injected with HIR cRNA 
held at -100 mV (n = 3), -80 mV (n = 2), -60 
mV (n = 2), -40 mV(n = 2), -20 mV(n = 5), 
and O mV (n = 5) in response to 50 ms pulses 
to -180 mV at 3 s intervals. Error bars are SEM. 
The fitted voltage dependence of Zn > block 
(Woodhull, 1973) varied e-fold in 660 mV, sug- 
gesting a Zn 2+ binding site located at a frac- 
tional electrical distance of <0.02 across the 
membrane field from the outside. 
(C) Sensitivity of the Zn 2* block of HIR to exter- 
nal pH. Time course of 50 I~M external Zn 2÷ 
block of HIR currents in standard external solu- 
tions at pH 7.0 (closed diamonds), pH 7.5 (in- 
verted triangles), pH 8.0 (circles), and pH 8.5 
(open diamonds). Data sets were fit with single 
exponential equations. 
(D) Dependence of the apparent K~ for the Zn 2÷ 
block of H IR on external pH. Apparent Kds were obtained from exponential fits of time courses of 50 I~M or 100 ~.M external Zn 2÷ block of leak-corrected 
peak currents recorded from oocytes injected with HIR cRNA in standard external solutions at pH 7.0 (n = 2), pH 7.5 (n = 8), pH 8.0 (n = 5), 
and pH 8.5 (n = 5) in response to 50 ms pulses to -180 mV from a holding potential of -20 mV at 3 s intervals. Error bars are SEM. The derived 
pK for the Zn 2' block of HIR was 7.7, and the Hill coefficient was 2.7. 
greater pCMPS sensitivity than pH-insensitive Chimera 
4 (pCMPS on-rate = 0.0031 _+ 0.0005 s-l; n = 4) and 
pH-insensitive Chimera 13 (pCMPS on-rate = 0.0022 _ 
0.0002 s 1; n = 4). Similarly, HIR currentswere inactivated 
more rapidly by 500 I~M external MTSEA than IRK1 cur- 
rents (Figure 7B), with Chimera 2 more sensitive to MTSEA 
than IRK1, Chimera 4, and Chimera 13 (data not shown). 
Block by pCMPS or MTSEA persisted after washout of 
the reagent, suggesting that it was caused by covalent 
modification of the channel. Block of the HIR currents by 
MTSEA depended on the external pH, as expected for 
modification of a cysteine residue in contact with the ex- 
ternal environment (Figure 7C). The apparent pK for the 
block of the HIR currents by MTSEA was 7.6, in close 
agreement with the apparent pK for the Zn 2÷ block of HIR 
and the proton inhibition of HIR (Figure 7D). The effects 
of MTSEA on HIR and IRK1 channels could be duplicated 
by 500 gM MTSET. HIR currents were significantly more 
sensitive to the sulfhydryl reagent iodoacetamide (2.5 mM 
external) than IRK1 currents, only weakly sensitive to the 
anionic sulfhydryl reagent iodoacetate (2.5 mM external), 
and not sensitive to the carboxylic acid modifiers EDAC 
(1-ethyl-3-(3-dimethylaminopropyl)carbodiimide) or Wood- 
ward's Reagent K (N-ethyl-5-phenylisoxazolium-3'-sulfo- 
nate) at 10-25 mM (data not shown). 
Discussion 
Mechanism of H ÷ Modulation 
This study demonstrates that shifts in extracellular pH in 
the physiological range have a dramatic modulatory effect 
on the HIR channel, with more than a 3-fold increase in 
HIR current between pH 6.6 and 8.0. The pH sensitivity 
of HIR may represent a specialization in its function, as 
currents from the closely related IRK1 channel did not 
display sensitivity to protons over the range of external 
pHs from 5.6 to 9.5. Our results indicate that the change 
in HIR current at the macroscopic level can be accounted 
for by pH-dependent changes in HIR single-channel con- 
ductance. HIR single-channel slope conductance showed 
a pronounced increase as external pH increased, and the 
single-channel conductance versus pH relationship fit the 
same titration curve as HIR macroscopic currents. In addi- 
tion, the single-channel conductance of chimeric channels 
at neutral pH was directly related to the pH sensitivity of 
their whole-cell current. 
Several different molecular mechanisms have been pro- 
posed to account for the proton sensitivity of other ion 
channels. First, protons can bind in the ion permeation 
pathway and block the channel, as proposed for the volt- 
age-dependent proton block of the sodium channel from 
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Figure 7. Sensitivity of HIR to Sulfhydryl Re- 
agents 
Block of HIR and IRK1 currents by external 
pCMPS or MTSEA. 
(A) Time course of the effect of pCMPS on HIR 
(closed circles) and IRK1 (open circles) cur- 
rents. Leak-corrected peak currents recorded 
in response to 200 ms pulses to -180 mV from 
a holding potential of -20 mV are shown after 
solution exchange to a standard pH 7.5 bath 
solution containing 50 pM pCMPS. The HIR 
data were fit with a single exponential equation. 
(B) Time course of the effect of MTSEA on HIR 
(closed circles) and IRK1 (open circles) cur- 
rents. Leak-corrected peak currents recorded 
in response to 50 ms pulses to -180 mV from 
a holding potential of -20 mV are shown after 
solution exchange to a standard pH 7.5 bath 
solution containing 500 :aM MTSEA. The HIR 
data were fit with a single exponential equation. 
(C) Sensitivity of the 500 p.M MTSEA block of 
HIR to external pH. Time course of 500 pM 
external MTSEA block of HIR currents in stan- 
dard bath solutions at pH 6.6 (open circles), 
pH 7.0 (closed diamonds), pH 7.5 (inverted tri- 
angles), pH 8.0 (closed circles), and pH 8.5 
(open diamonds). Data sets were fit with single 
exponential equations. 
(D) Dependence of the rate of MTSEA block of 
HIR on external pH. The on-rates were ob- 
tained from exponential fits of time courses of 
500 raM external MTSEA block of leak- 
corrected peak currents recorded from oocytes injected with HIR cRNA in standard external solutions at pH 6.6 (n = 2), pH 7.0 
(n = 3), pH 7.5 (n = 3), pH 8.0 (n = 3), and pH 8.5 (n = 3) in response to 50 ms pulses to -180 mV from a holding potential of -20 mV at 3 s 
intervals. Error bars are SEM. The derived pK for the MTSEA block of HIR was 7.6, and the Hill coefficient was 2.9. 
frog nerve (Woodhull, 1973). Second, protons can bind 
near the ion permeation pore and influence channel con- 
duction through an electrostatic mechanism. Channel 
subconductance states caused by this form of proton mod- 
ulation have been observed for the Torpedo chloride chan- 
nel (Hanke and Miller, 1983), the olfactory cyclic nucleo- 
t ide-gated channel (Root and MacKinnon, 1994), and the 
ATP-sensitive cardiac inward rectifier (Fan et al., 1993). 
Finally, protons can bind and alter channel conformation, 
as proposed for the L-type calcium channel (Pietrobon et 
al., 1989) and the NMDA receptor (Traynelis and Cull- 
Candy, 1991). When HIR single-channel currents were 
recorded with D20 in the patch pipette, we were unable 
to resolve channel block or subconductance states (data 
not shown). It is possible, however, that the time course 
of proton binding may have been too rapid to resolve even 
with deuterium substituted for hydrogen. Further experi- 
ments will be required to distinguish among the possible 
mechanisms of proton action. 
Determinants of pH Sensitivity 
HIR/IRK1 chimeric channels and point mutations localized 
the molecular determinant of HIR pH sensitivity to a single 
amino acid in the H5-proximal region of the Ml-to-H5 linker 
domain. Histidine 117 was the only titratable group in this 
region. Surprisingly, replacing H 117 with the nontitratable 
groups glutamine and asparagine did not eliminate titra- 
tion of HIR current. When this residue was replaced with 
glutamate (the corresponding residue from IRK1) in the 
MGHL-SEST mutant, however, the resulting currents 
showed a sharp reduction in pH sensitivity, indicating that 
this residue does play a critical role in determining HIR pH 
sensitivity. We propose that H 117 confers pH sensitivity to 
HIR not by acting as the proton binding site that directly 
affects channel conductance, but by stabilizing a channel 
conformation that allows a different titratable group to in- 
fluence ion permeation. In this model, a positive or neutral 
charge at position 117 will favor a channel conformation 
with a pH-sensitive conductance, while a negative charge 
at this position (as found in IRK1) will favor an alternate 
channel conformation where the titratable group is buried 
or removed from the ion conduction pathway. 
Identification of residue 117 of the HIR Ml-to-H5 linker 
as the determinant of HIR sensitivity to external protons 
has several important implications for inward rectifier po- 
tassium channel structure. First, our results confirm the 
proposed membrane topology for this family of channels 
by showing that the Ml-to-H5 linker of HIR is sensitive to 
external protons, thus placing this region of the polypep- 
tide on the external side of the membrane. Our finding 
that residues in the Ml-to-H5 linker can influence the ion 
permeation pathway indicates that this region and the pro- 
ton binding site, are in close proximity to the ion-conduct- 
ing pore. These results suggest that the structure of the 
outer pore of inward rectifier potassium channels differs 
from that of the voltage-gated potassium channel family 
(LLi and Miller, 1995). Mutations in the corresponding S5- 
to-H5 region of voltage-gated potassium channels do not 
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affect single-channel conductance or sensitivity to block 
by external TEA or MTSET (Kavanaugh et al., 1991 ; Yellen 
et al., 1991; KLirz et al., 1995). In addition, toxin binding 
studies have demonstrated that in the voltage-gated 
Shaker potassium channel, residues 425 and 427 (in a 
similar position to H l17  of HIR) lie about 20 ,~, from the 
radial axis of the pore (Goldstein et al., 1994; Stocker and 
Miller, 1994), indicating that they are not located directly 
in the conduction pathway. 
HIR Proton Binding Site 
Using site-directed mutagenesis of amino acid residues 
thought to contact the extracellular environment, we nar- 
rowed the number and types of residues that might be 
involved directly in proton binding to two cysteine residues 
(114 and 146), one glutamate residue (144), and one 
aspartate residue (86) (see Figure 5). Two lines of evidence 
point toward a cysteine residue as the effector of the pH 
sensitivity of HIR. First, HIR currents exhibit marked sensi- 
tivity to external Zn 2+ in comparison with IRK1 currents. 
HIR Zn 2÷ sensitivity was voltage independent and pH sen- 
sitive, with an apparent pK similar to the pK observed for 
the proton block of HIR, suggesting that the proton and 
Zn 2÷ binding sites are identical. These data are consistent 
with cysteine 1 14 or cysteine 146 being the proton binding 
site responsible for HIR pH sensitivity. Interaction of cyste- 
ine residues with Zn 2÷ ions is well documented (Vallee and 
Auld, 1990; Coleman, 1992). For example, Yellen et al. 
(1994) have shown that a cysteine substitution in the exter- 
nal mouth of a voltage-gated K÷ channel confers sensitivity 
to Zn 2+. 
The second line of evidence that a cysteine residue is 
the HIR proton binding site comes from the differential 
sensitivity of HIR and IRK1 to the membrane- impermeant 
sulfhydryl modifiers pCMPS, MTSEA, and MTSET. HIR 
currents were rapidly blocked by all of these reagents, 
indicating that a cysteine residue accessible from the ex- 
tracellular side of the membrane is located in the perme- 
ation pathway. In contrast, the conserved cysteine in the 
IRK1 molecular context might be inaccessible to these 
reagents or removed from the ion permeation pathway. 
HIR block by MTSEA is pH dependent, with a pK similar 
to that of the proton inhibition of HIR, suggesting that these 
sites are identical. 
Cysteine 114 of HIR exhibits several characteristics that 
make it a prime candidate for the HIR proton binding site. 
It is one of the two cysteine residues for which site-directed 
mutants do not express detectable currents in oocytes. 
This cysteine residue is located within the H5-proximal 
region of the Ml-to-H5 linker containing H l17  that pro- 
vides the molecular framework required for pH sensitivity. 
It is therefore in a position consistent with that of the titrat- 
able group involved in the pH sensitivity of HIR. 
Biological Role of Proton Modulation 
Modulation of HIR by protons may have important implica- 
tions for its function in vivo. Substantial decreases in pH 
(>0.5 units) from the physiological pH of 7.3-7.4 have been 
reported in the heart (Garlick et al., 1979; reviewed in Ten 
Eick et al., 1992; Orchard and Cingolani, 1994) and brain 
(Kraig et al., 1983; Mutch and Hansen, 1984; Siesj6 et al., 
1985; Nedergaard et al., 1991) under ischemic conditions. 
Shifts in pH of this magnitude would decrease HIR current 
by more than half. In fact, extracellular acidification re- 
duced the inwardly rectifying potassium current in cat ven- 
tricular myocytes (Harvey and Ten Eick, 1989). We specu- 
late that inhibition of HIR current by protons could modulate 
cellular excitabil ity and minimize cellular potassium loss 
during ischemic acidosis. 
HIR proton sensitivity also may play a role in normal 
neuronal function. Repeated electrical stimulation has 
been shown to cause transient pH shifts of up to 0.3 pH 
units in regions throughout he CNS (reviewed in Chesler, 
1990; Chesler and Kaila, 1992). These activity-induced pH 
transients can be either acid shifts, as seen in the cortex, 
spinal cord, and optic nerve, or alkaline shifts, as observed 
in the hippocampus, cerebellum, and retina. Changes in 
extracellular pH have been proposed to play a role in the 
CNS by modulating the excitabil ity of cells through the 
action of protons on the NMDA receptor (Traynelis and 
Cull-Candy, 1991; Taira et al., 1993). HIR is abundant in 
a variety of brain regions including the hippocampus (Per- 
ier et al., 1994b). Given that activity-dependent pH shifts 
occur in these regions, HIR pH sensitivity also may play 
a role in the modulation and potentiation of cellular excit- 
ability in the brain. 
Experimental Procedures 
Construction of Chimeric and Mutant Channels 
The HIR cDNA was cloned into the EcoRI site of pBluescript SK- 
(Stratagene). The IRK1 cDNA used for expression was cloned from 
a J774.1 murine macrophage library (described in Perier et al., 1994a). 
The sequence of this clone was identical to the reported sequence of 
IRK1 (Kubo et al., 1993a, 1993b), except that the cytidine at nucleotide 
941 of the coding sequence was replaced with a thymidine in our clone, 
resulting in a change from serine to leucine at amino acid position 314. 
The blunted EcoRI/Stul fragment of this IRK1 clone was inserted into 
the blunted BamHI/Sphl sites of pcDNAI/Amp (Invitrogen). 
Site-directed mutagenesis was conducted using the Transformer 
Site-Directed Mutagenesis Kit (Clontech) or the polymerase chain re- 
action (Ho et al., 1989). Mutations were confirmed using standard 
methods of DNA sequencing. To construct Chimeras 1-6, a silent Ncol 
site was introduced at nucleotide 347 of HIR, which is located at the 
juncture between the M1 and Ml-to-H5 linker domains: a Ncol site 
was already present at the homologous position of IRK1. A Bsiel site 
was introduced at nucleotide 786 of IRK1 and nucleotide 465 of HIR 
between the Ml-to-H5 linker and H5 domains. Chimeras 9, 10, and 
13 were constructed using the polymerase chain reaction. Chimeras 
5, 9, 10, 13, HIR, and HIR point mutants were propagated in pBlue- 
script SK- or pBluescript KS+ (Stratagene). Chimeras 2, 4, 6, IRK1, 
and IRK1 point mutants were propagated in pcDNA1/Amp (Invitrogen). 
Expression in Oocytes 
For in vitro transcription, HIR, HIR point mutants, and Chimeras 5, 9, 
10, and 13 were linearized with Hindlll; Chimeras 2 and 4 were linear- 
ized with Xhol; and IRK1, IRK1 mutants, and Chimera 6 were linearized 
with Nhel. In vitro transcription reactions contained either T3 or T7 
RNA polymerase, 0.5 mM ATP, 0.5 mM CTP, 0.5 mM UTP, 0.2 mM 
GTP, and 0.5 mM G(5')ppp(5')G (Pharmacia) and standard buffer and 
salt concentrations (Sambrook et al., 1989). Oocytes were removed 
surgically from Xenopus laevis ovaries and were treated with 2 mg/ 
ml of collagenase (Type V, Sigma) for 1 hr at 20°C before manual 
dissection to remove the follicular layer. The oocytes were then in- 
jected with - 50 nl of cRNA at 5-200 ng/l~l for two-electrode voltage- 
clamp recordings and cell-attached patch-clamp recordings. 
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Two-Microelectrode Voltage-Clamp Recordings 
Oocyte currents were recorded by two-microelectrode voltage-clamp 
techniques using a Dagan TEV-200 voltage clamp (Dagan Instru- 
ments, Minneapolis, MN). Glass microelectrodes (<2 MQ) were filled 
with 3 M KCI. Records were low-pass filtered at 2 kHz and digitized 
at 200 p.s per point. An 80386-based computer with an Axolab data 
acquisition system (Axon Instruments, Foster City, CA) was used to 
generate voltage pulses and to acquire and store current records. The 
bath solution contained 88-93 mM KCI, 5 mM MgCI2, and either 10 
mM MES (pH 5.6, 6.1, and 6.6), 10 mM HEPES (pH 7.0, 7.5, and 8.0), 
or 10 mM AMPSO (pH 8.5, 9.0, and 9.5). The pH of each solution 
was adjusted using KOH. All recording solutions contained a final 
concentration of 96 mM K ÷. To reduce the contribution of endogenous 
Ca2+-activated CI- currents, niflumic and flufenamic acid (0.15 mM 
each) were included in all recording solutions. Current recordings at 
a variety of pHs were performed by exchange of the bath (external) 
solution. Measurements of current at various pHs were bracketed by 
measurements at pH 7.5. Recordings were performed at 22°C-23°C. 
Cell-Attached Patch-Clamp Recordings 
Single-channel currents were recorded from cell-attached patches us- 
ing a Dagan 3900 integrating patch clamp interfaced with an Axolab 
data acquisition system and a Pentium-based computer for voltage- 
pulse generation and acquisition. The vitelline layer was removed from 
the injected oocytes by manual dissection after brief incubation in 
a hypotonic solution (Methfessel et al., 1986). The bath solution for 
recording was 150 mM KCI, 2 mM MgCI2, 1 mM EGTA, and 10 mM 
HEPES, adjusted to pH 7.2 with KOH. Pipette solutions contained 
145-151 mM KCI, 2 mM MgCI2, 1 mM EGTA, and either 10 mM MES 
(pH 6.6), 10 mM HEPES (pH 7.0, 7.5, and 8.0) or 10 mM AMPSO (pH 
8.5). The pH of each solution was adjusted using KOH. All pipette 
solutions contained a final concentration of 153-155 mM K +. Re- 
cordings were performed at room temperature (-22°C). Data were 
filtered at 2 kHz. Single-channel slope conductance was derived by 
linear least squares fitting. 
Proton Titration Curve Fitting and Analysis 
For analysis of macroscopic recordings, currents were corrected for 
linear leak current using the scaled difference between currents re- 
corded at +40 and +20 inV. Currents recorded at various pHs for each 
oocyte were normalized to the corresponding currents recorded at pH 
7.5. Normalized current versus pH data were fit with the equation: 
I/Ip.Ts = A x IK"/(K N + [H+] ")/ + C 
where K is the apparent dissociation constant for H ÷, and N is the 
Hill coefficient. For channels that displayed little pH sensitivity, as 
indicated in the figure legends, data were fit with a linear least square 
equation. 
Comparison of the pH sensitivity of wild-type and mutant channel 
currents was made by calculation of the maximum slope of the pH 
titration curves. For the majority of channels, which displayed a marked 
pH sensitivity, normalized currents were fit with a single-site binding 
equation with a Hill coefficient N = 1, as above, and the maximum 
slope was calculated from the derivative of the fitted curve at the pK~: 
d(l/Ip,~s) p. = pK~ (In(10)).A 0.576.A slope = ~ 4 
For channels showing little change in current with pH, the slope was 
calculated from a linear fit to the data. 
External Zn =* Sensitivity Measurements 
External solutions containing Zn 2÷ (300 IIM, 100 pM, and 50 v_M) were 
prepared by adding the appropriate volume of a 50 m M ZnCI2 solution 
to the standard external recording solutions without compensation for 
the change in osmotic strength. Recordings of currents from voltage- 
clamped oocytes were started in a Zn2÷-free xternal solution, and 
data points obtained after the solution exchange were used for the 
analysis. The amplitudes of the peak currents measured after the ca- 
pacitance transient were leak corrected, then normalized to the am- 
plitude of the peak current measured immediately before solution 
exchange. Kinetic analyses were performed by fitting a single expo- 
nential function [1/I, = 0 = a x exp(t/T) + c] to a plot of normalized 
currents as a function of time, t, where T is the time constant for block, 
and a and c are the fitted steady-state fractions of blocked and un- 
blocked currents, respectively. Time zero was extrapolated from the 
initial exponential fit. The apparent Kd was calculated from the currents 
as Kd = [Zn 2÷] x c/a. 
Sulfhydryl Reagents 
Concentrated stock solutions of pCMPS (Sigma), MTSEA (Toronto 
Research Chemicals), MTSET (Toronto Research Chemicals), iodo- 
acetamide (Sigma), and iodoacetate (Sigma) in water or in standard 
pH 7.5 external bath recording solution were prepared immediately 
before recordings and were kept on ice until use. Appropriate volumes 
of these stock solutions were added to the external recording solutions 
before solution exchange. Recordings and analyses of data were per- 
formed essentially as described above for the external Zn 2+ block ex- 
periments. 
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